iNTroDucTioN
Fatigued pig syndrome has been used to loosely characterize pigs that inordinately suffer from transport stress in spite of having no obvious signs of disease or injury (Ritter et al., 2009) . Typically, fatigued pigs may recover if rested for 2 to 3 h after transport (Ritter et al., 2006) , but many pigs likely die before they can recover (Hamilton et al., 2004) . Ritter et al. ABsTrAcT: The objectives of this study were to determine the effects of dietary ractopamine HCl (RAC) on muscle fiber characteristics and electromyography (EMG) measures of finishing barrow exhaustion when barrows were subjected to increased levels of activity. Barrows (n = 34; 92 ± 2 kg initial BW) were assigned to 1 of 2 treatments: a conventional swine finishing diet containing 0 mg/kg ractopamine HCl (CON) or a diet formulated to meet the requirements of finishing barrows fed 10 mg/ kg RAC (RAC+). After 32 d on feed, barrows were individually moved around a track at 0.79 m/s until subjectively exhausted. Wireless EMG sensors were affixed to the deltoideus (DT), triceps brachii lateral head (TLH), tensor fasciae latae (TFL), and semitendinosus (ST) muscles to measure median power frequency (MdPF) and root mean square (RMS) as indicators of action potential conduction velocity and muscle fiber recruitment, respectively. After harvest, samples of each muscle were collected for fiber type, succinate dehydrogenase (SDH), and capillary density analysis. Speed was not different (P = 0.82) between treatments, but RAC+ barrows reached subjective exhaustion earlier and covered less distance than CON barrows (P < 0.01). There were no treatment × muscle interactions or treatment effects for end-point MdPF values (P > 0.29). There was a treatment × muscle interaction (P = 0.04) for end-point RMS values. The RAC diet did not change end-point RMS values in the DT or TLH (P > 0.37); however, the diet tended to decrease and increase end-point RMS in the ST and TFL, respectively (P < 0.07). There were no treatment × muscle interactions for fiber type, SDH, or capillary density measures (P > 0.10). Muscles of RAC+ barrows tended to have less type I fibers and more capillaries per fiber (P < 0.07). Type I and IIA fibers of RAC+ barrows were larger (P < 0.07). Compared with all other muscles, the ST had more (P < 0.01) type IIB fibers and larger type I, IIA, and IIX fibers (P < 0.01). Type I, IIA, and IIX fibers of the ST also contained less SDH compared with the other muscles (P < 0.01). Barrows fed a RAC diet had increased time to subjective exhaustion due to loss of active muscle fibers in the ST, possibly due to fibers being larger and less oxidative in metabolism. Size increases in type I and IIA fibers with no change in oxidative capacity could also contribute to early exhaustion of RAC+ barrows. Overall, EMG technology can measure real-time muscle fiber loss to help explain subjective exhaustion in barrows.
(2009) estimated fatigued pig syndrome may cause as much as US$46 million in losses annually. Although there is likely no single cause of this syndrome, use of feed additives designed to increase skeletal muscle growth during finishing may contribute.
Ractopamine HCl (rAc), a β-adrenergic agonist fed during the finishing phase of swine production, improved ADG, feed efficiency, and lean muscle growth (Watkins et al., 1990; Moloney et al., 1991) . Studies reported RAC increased the rate of fatigue when pigs were roughly handled; however, these studies used indirect measures of blood metabolites as indicators (James et al., 2013; Peterson et al., 2015; Puls et al., 2015) . Dietary RAC shifted muscle fiber type from oxidative to glycolytic metabolism (Paulk et al., 2014) , but the impact of fiber shifts on fatigue remain unexplored.
Wireless electromyography (emG) has been used in human physiology to directly measure median power frequency (mdpF) and root mean square (RMS), which serve as indicators of action potential conduction velocity and muscle fiber recruitment, respectively (Broxterman et al., 2014) . Fatigue in other livestock species has been measured via EMG (Girsch et al., 1995; Robert et al., 2000; Lee et al., 2013; Rajapaksha and Tucker, 2014) , but these studies did not explore the biological characteristics of the muscle responsible for fatigue. Therefore, the objectives of this study were to use a RAC diet feeding model to induce muscle exhaustion in barrows, measure muscle fiber activity via EMG, and relate differences in exhaustion to muscle fiber type characteristic differences.
mATeriALs AND meTHoDs
The Kansas State University Institutional Animal Care and Use Committee approved the protocol used in this experiment.
Live Animal Management
Thirty-four finishing barrows (PIC 337 × 1050 [Pig Improvement Co. Hendersonville, TN]; BW 92 kg ± 2 kg initial) were housed in an environmentally controlled finishing barn at the Kansas State University Swine Teaching and Research Center (Manhattan, KS). Seven days before beginning the feeding portion of the experiment, barrows were selected from the general population and moved into 7.4-m 2 individual pens with slatted floors. Each pen was equipped with a wet/dry feeder that allowed ad libitum access to feed and water. Twentyfour hours before treatment administration, barrows were weighed, stratified by weight, and allocated to 1 of 2 dietary treatments within each stratum. Dietary treatments consisted of a conventional swine finishing diet containing 0 mg/kg ractopamine HCl (coN) or a diet formulated to meet the requirements of finishing barrows fed 10 mg/kg RAC (RAC+; Paylean; Elanco Animal Health, Greenfield, IN) according to NRC requirements (NRC, 2012) . Diets were assayed to contain 8 to 9 mg/kg (Table 1) . The experiment was repeated 3 times (2 periods with 10 barrows and 1 period with 14 barrows).
Performance Test
On d 32 of feeding, barrows were randomly assigned a test order and individually subjected to a performance test. Before each test, the barrow was removed from its pen and restrained, and 15 mL of blood was collected from the jugular vein into 2 vacutainer tubes containing sodium heparin or sodium fluoride/potassium oxalate (BD Vacutainer; Becton, Dickinson and Company, Franklin Lakes, NJ). Using hair clippers (305 Speed Feed Trim Kit; Laube Co., Inc., Oxnard, CA), the hair covering the deltoideus (DT), triceps brachii lateral head (TLH), tensor fasciae latae (TFL), and semitendinosus (sT) muscles on the left side of the barrow was trimmed. The shaved areas were cleaned with 70% ethanol and air dried, and wireless EMG (Tringo EMG; Delsys, Inc., Natick, MA) electrodes were affixed to each muscle area so that the 4 contact bars arranged in a 2 × 2 orientation were placed perpendicular to the orientation of the muscle fibers. Data were sampled at 1,000 Hz/s and stored for later analysis.
Each barrow was walked at an average speed of 0.79 m/s around a circular track (30.67 m perimeter) by 3 handlers with sorting boards and paddles until subjective exhaustion was achieved. Subjective exhaustion was determined by the same handler, who was blinded to treatment allocation, for all 34 barrows. Subjective exhaustion was determined as the barrow stopping forward movement (not due to distraction or discomfort), which resulted in human application of pressure to the rump to resume movement, 5 times. If a barrow refused to continue forward movement after 20 s of encouragement during a single stop, exhaustion was also designated. Time and distance to exhaustion were recorded for each barrow and average speed was calculated based on laps per minute. After each test, the barrow was restrained and 15 mL of blood was collected as previously described.
Plasma Analysis
Within 10 min of each blood collection, tubes were centrifuged at 1,115 × g for 10 min at 4°C. Plasma was transferred to 15-mL conical tubes, immediately placed on ice, and ultimately frozen at −80°C until analyzed. Plasma glucose and lactate were analyzed using a YSI 2300 STAT Plus Glucose and l-lactate Analyzer (YSI Inc., Yellow Springs, OH) with the use of a buffer con-taining disodium phosphate, monosodium phosphate, sodium benzoate, disodium EDTA, sodium chloride, and gentamicin sulfate (part number 2537; YSI Inc.). Glucose analysis was conducted using glucose membranes (part number 2365; YSI Inc.) and 2 g/L glucose standard (part number 2355; YSI Inc.), and lactate analysis used l-lactate membranes (part number 2329; YSI, Inc.) and 30 mmol/L l-lactate standard (part number 1530; YSI Inc.). Glutamate and glutamine were analyzed using an YSI 2700 SELECT Analyzer (YSI Inc.) and the same buffer described above. Glutamate membranes (part number 2754; YSI Inc.), 5 mmol/L glutamate standard (part number 2755; YSI Inc.), glutamine membranes (part number 2735; YSI Inc.), and 5 mmol/L glutamine standard (part number 2736; YSI Inc.) were used in the analysis.
Electromyography Analysis
The methods of Broxterman et al. (2014) were followed with modifications for EMG analysis. Using a custom computer program in MATLAB Student R2011a (MathWorks, Inc., Natick, MA), raw EMG data were processed for each electrical burst corresponding with a muscle contraction by using a band-pass filter (13-400 Hz). The EMG frequency and amplitude characteristics were derived as MdPF and RMS, respectively. Data were averaged every 5 s during the performance test of each barrow. The MdPF and RMS values of each barrow were normalized to the average of all values of the individual barrow's own performance test, which is commonly done in human performance literature (Murray et al., 1985; Hunter et al., 2014) . This average was assigned the value of 100% and denoted as the normalization value. Subsequent 5-s increments were divided by the normalization value and multiplied by 100 to yield a percentage of the MdPF or RMS normalization value. The percentages of the last 15 s before subjective exhaustion was reached by the barrow were averaged and used for statistical analysis as end-point MdPF and RMS values.
Harvest, Sample Collection,

Immunohistochemistry, and Histology
After a 3-d rest period (35 d of feeding), barrows were transported to the Kansas State University Meats Laboratory (Manhattan, KS) for harvest under federal inspection. After chilling for 24 h postmortem, carcass measurements were taken by trained university personnel. Marbling and color attributes were evaluated according to the National Pork Producers Council Pork Quality Standards (NPPC, 1999) . One, 2.54 cm cores of the DT, TLH, TFL, and ST were taken from the left side of each carcass at the approximate EMG locations for muscle fiber type, succinate dehydrogenase (sDH), and capillary density analysis.
A 1-cm 2 portion of each core was embedded in tissue embedding media (Fisher Scientific, Pittsburgh, PA), cooled with supercooled isopentane, and stored at −80°C until analysis. Two cryosections per slide, 0.5 mm apart, for each muscle sample were collected on 3 slides for fiber type (5 μm thick), capillary density analysis (5 μm thick), and SDH analysis (20 μm thick). All cryosections were collected on positively charged slides (Diamond White Glass; Globe Scientific Inc., Paramus, NJ).
The methods of Paulk et al. (2014) were followed for fiber type immunohistochemistry with modifications. Cryosections were incubated in 5% horse serum and 0.2% TritonX-100 in PBS for 30 min to block all nonspecific binding sites. Cryosections were incubated for 16 h at 4°C with a primary antibody solution consisting of blocking solution and 1:500 α-dystrophin (Thermo Scientific, Waltham, MA); 1:10 supernatant myosin heavy chain, slow, IgG2b (BA-D5; Developmental Studies Hybridoma Bank, University of Iowa, Iowa City, IA); 1:10 supernatant myosin heavy chain, type IIA, IgGl (SC-71; Developmental Studies Hybridoma Bank); and 1:10 supernatant myosin heavy chain, type IIB, IgM (BF-F3; Developmental Studies Hybridoma Bank). Following incubation, cryosections were washed 3 times for 5 min with PBS and incubated for 30 min with secondary antibodies in blocking solution containing 1:1,000 Alexa-Flour 488 Goat anti-mouse IgM (Life Technologies, Carlsbad, CA) for BF-F3, 1:1,000 Alexa-Flour 594 goat anti-mouse IgG1 (Life Technologies) for SC-71, 1:1,000 AlexaFlour 633 goat anti-mouse IgG 2b (Life Technologies) for BAD-5, 1:1,000 Alexa-Flour 594 goat-anti-rabbit heavy and light chains (Life Technologies) for α-dystrophin, 1:1,000 Alexa-Flour 488 goat-anti-rabbit heavy and light chains (Life Technologies) for α-dystrophin, and 1:1,000 Hoechst Dye 33342 (Life Technologies). After washing in PBS 3 times for 5 min, 5 μL of 9:1 glycerol in PBS was placed on each cryosection and they were then coverslipped for imaging.
Slides with cryosections for SDH staining were incubated at 37°C for 1 h in a prewarmed incubation solution containing 50% nitro blue tetrazolium solution (1% nitro blue tetrazolium in Milli-Q [mQ] water), 25% phosphate buffer (20% potassium phosphate monohydrate and 11% disodium hydrogen phosphate in MQ water), and 25% sodium succinate solution (2.7% sodium succinate dibasic hexahydrate in MQ water). After washing in MQ water 3 times for 1 min each, 5 μL of 9:1 glycerol in PBS was placed on each cryosection and they were coverslipped for imaging.
Cryosections for capillary density were blocked as described above. Cryosections were then incubated for 1 h in a primary antibody solution containing blocking solution and 1:50 plateletendothelial cell adhesion molecule-1 mouse monoclonal IgG2a (Santa Cruz Biotechnology Inc., Dallas, TX) and 1:500 α-dystrophin (Thermo Scientific). Cryosections were washed 3 times for 5 min with PBS and incubated for 30 min with secondary antibodies in blocking solution containing 1:1,000 Alexa-Flour 594 goat-anti-mouse IgG heavy and light chains (Life Technologies) for PECAM-1 and 1:1,000 Alexa-Flour 488 goat-anti-rabbit heavy and light chains (Life Technologies) for α-dystrophin. After washing in PBS 3 times for 5 min, cryosections were covered with 5 μL of 9:1 glycerol and coverslipped for imaging.
All cryosections were imaged at 10x magnification with a Nikon Elipse TI-U inverted microscope (Nikon Instruments Inc., Melville, NY). Muscle fiber type and capillary photomicrographs were taken with a Nikon DS-QiMC digital camera (Nikon Instruments Inc.) and SDH photomicrographs were captured with Nikon DS-Fi1 color digital camera (Nikon Instruments Inc.). White light intensity was kept constant for SDH photomicrographs. All analysis was conducted using NIS-Elements Imaging software (Basic Research, 3.3; Nikon Instruments Inc.). An average of 500 muscle fibers were analyzed for myosin heavy chain isoform distribution and fiber cross-sectional area (csA). Fibers that stained exclusively positive for BAD-5, SC-71, and BF-F3 were labeled type I, type IIA, and IIB, respectively. Fibers that stained positive for both SC-71 and B-FF3 were labeled as type IIX fibers ( Fig.  1 ; Paulk et al., 2014) . Cross-sectional area of muscle fibers was determined as the area within the dystrophin border. Capillary density was determined by dividing the total number of capillaries by the total number of muscle fibers within a photomicrograph to yield a ratio. A minimum of 500 fibers and their associated capillaries were counted with all fibers counted in a photomicrograph. To determine SDH intensity, a minimum of 200 fibers were identified by type through immunohistochemistry, and the mean intensity of the SDH stain was determined by the software. A value of 0 indicated black (most intense) staining, whereas a value of 250 indicated white (least intense) staining.
Statistics
All analyses were performed using animal as the experimental unit and experimental period as block. Finishing performance, carcass, and performance test data were analyzed as a randomized complete block design. Treatment served as the fixed effect and block served as the random effects. Blood measures were analyzed as a randomized complete block design with repeated measures. Fixed and random effects were the same as described above and time served as the repeated measure, with animal as the subject and compound symmetry as the covariance structure. Muscle immunohistochemistry and histochemistry and EMG data were analyzed as a split-plot design. The whole plot consisted of animal and muscle within animal served as the subplot. Fixed effects included treatment, muscle, and their interaction, and random effects were animal × treatment and block. All models were analyzed using the MIXED procedure of SAS 9.3 (SAS Inst. Inc., Cary, NC). Pairwise comparisons between the least squares means of the factor level comparisons were computed using the PDIFF option of the LSMEANS statement. Statistical significance was determined at P ≤ 0.05 and tendencies were determined at 0.05 > P ≤ 0.10.
resuLTs
Growth Performance and Carcass Characteristics
Finishing performance and carcass measurements are presented in Table 2 . Barrows' initial BW, final BW, and ADG were not different between treatment groups (P > 0.15). Barrows from the RAC+ treatment had reduced (P = 0.03) ADFI compared with CON barrows, which resulted in RAC+ barrows possessing greater (P < 0.01) G:F. Dietary treatment did not affect HCW, dressing percent, and all s.c. fat measurements (P > 0.11). Loin eye area (LeA) and color were not affected by dietary treatment (P > 0.14); however, there was less (P < 0.01) marbling in the loins of RAC+ barrows compared with loins from CON barrows.
Performance Test and Electromyography Analysis
There was no difference (P = 0.82) in the speed at which barrows moved around the track; however, barrows from the RAC+ treatment reached subjective exhaustion earlier and covered less distance than CON barrows (P < 0.01; Table 3 ). There were no treatment × muscle interaction, treatment, or muscle effects for end-point MdPF values (P > 0.42; Fig. 2a ). There was a treatment × muscle interaction (P = 0.04) for endpoint RMS values (Fig. 2b) . Dietary treatment did not affect end-point RMS values of the DT or TLH (P > 0.37), but RAC+ barrows tended to have decreased (P = 0.06) end-point RMS values in the ST and tended to have increased (P = 0.07) end-point RMS values in the TFL compared with CON barrows. There were no treatment effects or muscle effects for end-point RMS values (P > 0.15). 
Plasma Analysis
There were no treatment × time interactions for plasma lactate, glucose, glutamate, and glutamine values (P > 0.16; Table 3 ). There were no treatment effects on circulating lactate, glutamine, or glutamate (P > 0.39); however, there was a tendency for the CON barrows to have elevated (P = 0.09) glucose compared with RAC+ barrows. There were time effects on all plasma measurements with greater lactate, glucose, and glutamate circulating after the performance test for all barrows (P < 0.01), whereas glutamine was reduced (P < 0.01).
Immunohistochemistry and Histology
Treatment, muscle, and their interaction effects on immunohistological and histological measurements were analyzed within each muscle fiber isoform, except for capillary density, which was analyzed over all fibers (Table 4 ). There were no treatment × muscle interactions for the percentage of each fiber type (P > 0.12), except a tendency (P = 0.10) for type IIA percentage. Within DT, TLH, and ST muscles, type IIA fiber percentage was not affected by dietary treatment (P > 0.39); however, within the TFL, RAC+ barrows had a greater (P = 0.02) percentage of type IIA fibers than CON barrows. Over all muscles, treatment did not affect the percentage of type IIA, IIX, and IIB fibers (P > 0.13), but CON barrows tended to have more (P = 0.07) type I fibers than RAC+ barrows. There were muscle effects on type I and IIB muscle fibers (P < 0.01). The DT had more type I fibers than all other muscles (P < 0.04), the TLH had more type I fibers than the ST and TFL (P < 0.01), and there was a tendency for the TFL to have more (P = 0.09) type I fibers than the ST. Type IIA and IIX fiber percentage tended to be affected by muscle (P < 0.10). The DT and TLH had a greater percentage of type IIA fibers than the ST (P < 0.03), whereas there were no differences between the other muscles (P > 0.15). There were more (P < 0.01) type IIX fibers in the DT compared with the ST, the DT tended to have more (P = 0.10) type IIX fibers than the TFL, and there were no differences between the other muscles (P > 0.17). There were more type IIB fibers in the ST compared with the other muscles (P < 0.01), the TFL contained more type IIB fibers than the DT and TLH (P < 0.01), and the TLH had more (P = 0.01) type IIB fibers than the DT.
There were no treatment × muscle interactions for the CSA of any fiber type (P > 0.36). Over all muscles, treatment did not affect the CSA of type IIX and IIB fibers (P > 0.11), but RAC+ barrows tended to have larger (P = 0.07) type I fibers and larger (P = 0.03) type IIA fibers compared with CON barrows. There were muscle effects on the CSA of type I, IIA, and IIX fibers (P < 0.01) but no effect (P = 0.67) on type IIB fibers. Within type I fibers, the ST had larger fibers than all other muscles (P < 0.01), the DT and TLH had larger fibers than the TFL (P < 0.01), and there was no size difference between the DT and TLH (P = 0.70). There were larger type IIA fibers in the ST compared with the other muscles (P < 0.01), the TLH tended to have larger type IIA fibers than the TFL (P = 0.08), and there were no differences between the other muscles (P > 0.33). Within type IIX fibers, the ST had larger fibers compared with all other muscles (P < 0.01) and there were no differences between the other muscles (P > 0.13).
There were no treatment × muscle interactions for the SDH intensity for all fiber types (P > 0.21). Across all muscles, there were no treatment effects on SDH intensity (P > 0.21). There were muscle effects for SDH intensity within type I, IIA, and IIX fibers (P < 0.01), with no effect for type IIB fibers (P = 0.35). The ST had less intense SDH staining of the type I fibers compared with all other muscles (P < 0.01), there was a tendency for the TFL to have less (P = 0.10) SDH staining intensity than the DT for type I fibers, and there were no differences between the other muscles (P > 0.15). Within type IIA and IIX fibers, the ST had least intense SDH staining than the other muscles (P < 0.01), but there were no differences between the other muscles (P > 0.41). There were no treatment × muscle interactions or muscle effects for capillary density (P > 0.17); however, the RAC+ barrows had more (P = 0.04) capillaries per fiber compared with CON barrows.
DiscussioN
Growth Performance and Carcass Characteristics
Swine producers commonly feed RAC during the final days of finishing because of the positive effects the compound elicits on finishing pig performance and carcass characteristics. In the current study, a RAC diet fed during the final 35 d of feeding did not affect ADG but did decrease ADFI by 9% and increased G:F by 16%. Although barrows were individually fed in the current study, groups of pigs were fed in the majority of RAC studies, and differences in study design could be the reason for variable responses between studies (Armstrong et al., 2004; Carr et al., 2005; Paulk et al., 2014) . Carr et al. (2005) reported that RAC-fed barrows had increases of 16% in ADG and 19% in G:F but no differences in ADFI. Using barrows and gilts raised at the same farm as the current study, Paulk et al. (2015) reported RAC fed during the final 35 d of feeding increased ADG by 11%, reduced ADFI by 6%, and increased G:F by 17%. In contrast to these studies, Armstrong et al. (2004) reported that RAC fed to barrows did not influence ADG or ADFI, and Stites et al. (1991) showed that regardless of RAC level in the feed, ADFI was not affected. Overall, significant finishing performance results of the current study are similar to published literature.
Because RAC is a repartitioning agent that directs nutrients away from adipose growth and toward muscle growth, carcasses commonly exhibit more muscle and less fat. Crome et al. (1996) demonstrated that increasing the concentration of RAC in the diet resulted in a linear LEA increase and a linear decrease in first rib, 10th rib, and last lumbar backfat thicknesses. Paulk et al. (2015) reported increases in HCW of 3% and a 6% increase of loin depth and a corresponding 16% decrease in backfat depth when pigs were exposed to the same RAC feeding regimen as the current study. Burnett et al. (2016) showed that 10 mg/kg RAC tended to increase HCW by 3%, increased LEA by 10%, but only tended to decrease 10th and last rib backfat. In the current study, all carcass measures were unaffected by a RAC diet except that marbling score was reduced 27% in RAC+ barrows. In agreement, Carr et al. (2005) found that RAC did not affect all s.c. backfat measures and Main et al. (2009) reported that 10 mg/kg RAC did not affect loin depth. Apple et al. (2008) reported that RAC increased marbling, whereas other studies demonstrate RAC does not affect marbling (Crome et al., 1996; Carr et al., 2005; Bohrer et al., 2013) ; however, Armstrong et al. (2004) found that RAC decreased the amount of Table 3 . Performance test and blood parameters of barrows fed a conventional swine finishing diet containing 0 mg/kg ractopamine HCl (CON) or a diet formulated to meet the requirements of finishing barrows fed 10 mg/kg RAC 1 (RAC+) for 32 d marbling. Therefore, these data would indicate the adipose response to a RAC diet is variable between depots. Overall, the lack of significant dietary RAC carcass responses in the current study differs from the majority of the literature. These results may be due to the reduced animal numbers used in the study, as carcass effects were not what the study was designed to detect.
Performance Test
Previously, pigs fed RAC were categorized as being difficult to handle. Rocha et al. (2013) reported RAC barrows required more physical contact to move during handling and transportation. Additionally, MarchantForde et al. (2003) found pigs fed RAC took longer to voluntarily exit pens during weekly weight measurements, thus making them more difficult to handle. A handful of studies exist that examined the effects of rough handling and dietary RAC on exhaustion. James et al. (2013) concluded pigs fed 20 mg/kg RAC (2-fold the current label directions) are more prone to stress, as indicated by elevated rectal temperature, decreased blood pH, and increased lactate dehydrogenase concentration, when aggressively handled. Recently, based on a subjective handling scale, Puls et al. (2015) reported pigs fed RAC tended to be harder to handle and of the pigs that did not finish the last 100 m of a transportation simulation course, pigs fed RAC walked a 7% shorter distance compared with pigs not fed RAC. Conversely, in another study where the same transportation simulation model was used, Peterson et al. (2015) found that pigs subjected to different levels of RAC and handling intensity did not display diverse fatigability characteristics, such as open-mouth breathing, skin discoloration, muscle tremors, and vocalization. In the current study, RAC+ barrows undertook ambulatory movement for almost 2 min less and a 200 m shorter distance compared with CON barrows. Importantly, these findings were not due to the speed at which the pigs walked; therefore, differences may be due muscle physiological changes induced by the RAC diet.
Plasma Glucose, Lactate, Glutamate, and Glutamine
Blood parameters have been used as indirect measures of muscle fatigue in human and livestock physical activity research. In humans, plasma glucose levels rise with exercise due to increased hepatic glucose production to meet the amplified demand of glucose uptake by active muscle fibers (Kjäer, 1988) . Plasma lactate concentrations are elevated with increasing levels of exercise after the lactate threshold is reached (Svedahl and MacIntosh, 2003) and will precipitously increase until exhaustion if exercise is sufficiently intense (Poole et al., 1988) . Increased glutamate and decreased plasma glutamine after prolonged exercise in humans are often indicators of muscle damage (Keast et al., 1995; Walsh et al., 1998; Leibowitz et al., 2012) . Each blood plasma parameter in the current study changed after performance testing where circulating glucose (23%), lactate (139%), and glutamate (51%) were elevated and glutamine (11%) was depressed. This would indicate that glucose levels were increased to meet the demand for Elanco Animal Health, Greenfield, IN) or a diet formulated to meet the requirements of finishing barrows fed 10 mg/kg RAC (RAC+) . Barrows were removed from pens and EMG sensors were attached to the deltoideus (DT), triceps brachii lateral head (TLH), tensor fasciae latae (TFL), and the semitendinosus (ST) muscles. Barrows were individually, at 0.79 m/s walked around a 30-m track until subjective exhaustion occurred. Exhaustion was determined as the barrow stopping forward movement (not due to distraction or fear), which resulted in human application of pressure to the rump to resume movement, 5 times. If a barrow refused to continue after 20 s of encouragement, exhaustion was also designated. Data were averaged every 5 s during the performance test of each barrow. The MdPF and RMS values of each barrow were normalized to the average of all values of the individual barrow's own performance test, which is commonly done human performance literature (Murray et al., 1985; Hunter et al., 2014) . This average was assigned the value of 100% and denoted as the normalization value. Subsequent 5 s increments were divided by the normalization value and multiplied by 100 to yield a percentage of the MdPF or RMS normalization value. The percentages of the last 15 s before subjective exhaustion was reached by the barrow were averaged and used for statistical analysis as end-point MdPF and RMS values. *Mean tend to differ within muscle (P < 0.07). TRT = treatment. movement; the performance test stimulated elevated lactate production, most likely from muscles; and muscles were becoming damaged as indicated by glutamate and glutamine trends. When pigs are subjected to simulated transportation courses, blood glucose and lactate levels rise (James et al., 2013; Peterson et al., 2015; Puls et al., 2015) . Additionally, Weiss et al. (1974) found that after 5 min of increased physical activity, both plasma glucose and plasma lactate were increased. Similar to the current study, Hackl et al. (2009) reported a 13% decrease in glutamine and a 68% increase in glutamate after an intense bout of exercise in trotting horses. The present circulating plasma metabolite data suggest that all barrows reached a similar state of exhaustion congruent with intense activity and overall accumulation of these metabolites were not affected by dietary RAC. These findings would indicate that indirect measures of exhaustion through blood metabolite measurement are not useful when subjecting animals to protocols not based on common time or distance traveled but stimulating extreme levels of fatigue.
Electromyography
To date, no studies exist that use the current exhaustion model and EMG technology in pigs fed RAC diets. Electromyography sensors were attached to 4 muscles important to ambulatory movement in pigs: the DT and TLH of the forelimb and the TFL and ST of the hind limb. The current study did not examine EMG measures across the duration of the performance test but analyzed the last 15 s of movement for each barrow before subjective exhaustion occurred to identify the specific physiological mechanisms responsible for exhaustion. In the cascade of events that are responsible for muscle contraction, MdPF measures action potential conduction velocity or the velocity at which the motor unit action potential travels along muscle fibers during contraction (Soares et al., 2015) . Typically, as a muscle fatigues, MdPF decreases (Hagg, 1992) . In humans, during repeated resistance training, Jenkins et al. (2015) reported decreased frequency in leg muscles with increasing repetition. Cockram et al. (2012) reported sheep displayed a reduction in MdPF in the ST during prolonged slow treadmill walking but the TFL was unaffected. In the current study, end-point values were not different between muscles or treatment. These findings indicate this segment of the muscle contraction process was not responsible for the onset of exhaustion.
Electromyography measurement of RMS serves as an indicator of muscle fiber recruitment (number of active muscle fibers) or motor neuron firing rate. Although MdPF was unaffected by treatment, end-point RMS Table 4 . Muscle fiber characteristics of 4 muscles in barrows fed a conventional swine finishing diet containing 0 mg/kg ractopamine HCl (CON) or a diet formulated to meet the requirements of finishing barrows fed 10 mg/ kg RAC 1 (RAC+) for 35 d 2 DT = deltoideus; TLH = triceps brachii lateral head; TFL = tensor fasciae latae; ST = semitendinosus.
3 TRT = treatment.
4 SDH = succinate dehydrogenase: 0 = most intense staining and 250 = least intense staining. AU = arbitrary units. Kinugasa et al. (2004) and Racinais et al. (2007) . Therefore, of the muscles analyzed, it is possible the reduction of ambulatory movement in pigs fed a RAC diet may be due to a reduction in muscle fiber recruitment in the ST, a muscle that is important in extending the hip, stifle, and hock and flexes the stifle when the leg is lifted .
Fiber Type, Succinate Dehydrogenase, and Capillary Density
Over all muscles and barrows, there were 13% type I, 24% type IIA, 19% type IIX, and 44% type IIB fibers. This distribution is slightly different than those reported by Lefaucheur et al. (2002) and Paulk et al. (2014) , who reported distributions of 8% type I, 11 to 14% type IIA, 25 to 32% type IIX, and 46 to 50% type IIB fibers in swine LM muscles. The small difference between studies could be due to the different muscles analyzed. The previous studies analyzed a support muscle whereas the current study examined main locomotive muscles. The histochemical and immunohistochemical analysis in this study would indicate there are differences in metabolism between the ST and the other muscles. The ST had the least type I and most type IIB fibers, the latter of which are highly glycolytic and are most susceptible to fatigue (Pette and Staron, 2001 ). Succinate dehydrogenase is found in the inner membrane of the mitochondria, where the ability to produce ATP is dependent on oxidative phosphorylation (Kern et al., 1999) ; therefore, a cell that is more oxidative in nature possesses more SDH. The ST had less SDH in type I, IIA, and IIX fibers compared with all other muscles, indicating a reduced oxidative capacity. Finally, the ST contained larger type I, IIA, and IIX fibers than the other muscles. Muscles with larger fibers possess a reduced VO 2 max, the maximum oxygen consumption of the fiber, and muscles with reduced VO 2 max are more easily fatigable (van Wessel et al., 2010) . These findings provide further evidence to the importance of the ST in contributing to onset of exhaustion.
The fiber type and CSA response in LM of pigs supplemented RAC is well documented. Sainz et al. (1993) reported no difference in fiber percentage but increases in CSA of type II fibers when pigs were fed 20 mg/kg RAC for various time periods. Depreux et al. (2002) showed no difference in type I, decreased type IIA and IIX, and increased type IIB fiber percentages in pigs fed 60 mg/kg RAC for 42 d. When pigs were fed 10 mg/kg RAC for 35 d, the percentage of type IIB fibers increased at the expense of type IIX fibers (Paulk et al., 2014) and Burnett et al. (2016) reported increased CSA of type IIA and IIX fibers. Aalhus et al. (1992) found fiber type and fiber size consistently were affected by dietary RAC across multiple muscles. Over all muscles in the current study, RAC+ barrows tended to have 15% less type I fibers and on average 15% larger type I and IIA fibers. These changes could possibly explain the increased rate at which RAC+ barrows became exhausted. As stated above, shifting fibers within muscles away from oxidative metabolism and increasing size, which could contribute to a reduced VO 2 max, should make muscles more easily fatigable.
Capillaries allow for blood flow to and from the muscle, which is important for exchange of nutrients and waste (Aberle et al., 2003) . Petersen et al. (1998) and Velotto et al. (2010) both reported capillary-to-fiber ratios that ranged from 0.90 to 1.50 for the psoas major, rhomboideus, and longissimus dorsi muscles. The current study found ratios that ranged from 1.44 to 2.21 for all locomotor muscles examined. The RAC+ barrows had increased capillary density compared with CON barrows. There is evidence that β-agonists increase blood flow to muscles, which results in hypertrophy (for review, see Mersmann, 1998) . Increased capillary density could be a mechanism by which the body is compensating for the increased size of RAC+ barrow muscle fibers. Typically, there is increased oxygen delivery to oxidative fibers, which contain more capillaries than glycolytic fibers (Andersen, 1975; Hudlicka, 1985) , meaning that muscles with highly fatigue resistant properties have increased capillary density. Therefore, the result of RAC+ barrows reaching exhaustion quicker than CON barrows is contrary to what would be expected for a muscle that has elevated capillary density. This could be due to mitochondria of the muscle cells in RAC+ barrows not being equipped to utilize the amount of oxygen delivered to muscle cells, as indicated by SDH staining. The current study is the first of its kind to examine the effects of a β-agonist on the SDH intensity within muscle cells of livestock. Lynch et al. (1996) and Suzuki et al. (1997) reported that mice and rats fed a β-adrenergic agonist displayed decreased SDH concentrations in various muscles. Muscle cells become more fatigue resistant with increased SDH concentrations (Kugelberg and Lindegren, 1979; Martin and Edgerton, 1992) . Dietary RAC did not affect the amount of SDH present in all fiber types de-spite changes in type I percentage and the size of type I and IIA fibers. The lack of a change in the oxidative capacity in the type I and IIA fibers, in the presence of increased CSA, may contribute to early onset of exhaustion in RAC+ barrows.
Conclusion
Feeding barrows a formulated diet containing 10 mg/kg RAC for 32 d decreased time and distance walked until exhaustion during a performance test. Electromyography analysis indicated that this occurred due to a loss of active muscle fibers in the ST, whereas the TFL attempted to compensate for these losses by increasing fiber recruitment. The ST possesses the physiology to become exhausted earlier because it contains larger fibers that are less oxidative in metabolism. Although dietary inclusion of RAC increased the density of capillaries present in all muscles, SDH presence was not altered as type I and IIA fibers increased in CSA. Therefore, the increases in the CSA of these fibers with no change in oxidative capacity may contribute to early onset exhaustion of barrows fed a RAC diet. Overall, EMG technology can be a valuable tool in directly measuring the muscle fiber recruitment patterns responsible for onset of muscle exhaustion in pigs.
